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Abstract: The structure of the surface of copper powder particles is discussed and correlated
with the lowest apparent density at which copper powder can still flow. It is shown that such
structures can be easily obtained in the electrodeposition of powders in reversing current re-
gimes.
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INTRODUCTION
A model of the shape and surface structure of powder particles which permit the free
flow of copper powder was developed in previous papers.1–3 From this model, an apparent
density of 2.2–2.3 g/cm3 was determined as the lower limit for the free flow of copper
powder, being in fair agreement with literature data.4 On the other hand, powders obtained
by reversing current electrodeposition can flow at considerably lower apparent densities.
The aim of this work was to discuss this phenomenon.
EXPERIMENTAL
Experiments were performed as described in previous papers.3,5,6
RESULTS AND DISCUSSION
It was shown previously2,3 that the flowability of copper powder is mainly deter-
mined by the structure of the surface of the powder particles. The effect of the particle
shape is also important, but is probably not the decisive factor. If the surface structure of
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powders approaches the structure of the surface of bulk copper and if the shape of the parti-
cles approaches a sphere, the friction in the powder mass is low and the flow of the powder
is efficient. Besides, in these cases, the particle size distribution will not have an effect on
the flowability of the copper powder, so non-sieved powders exhibit free flow. The model
of the representative powder particle developed in previous papers2,3 requires contact be-
tween the subparticles of the copper powder particle and in that way the behavior of pow-
ders with large apparent densities characterized by free flow of non-sieved powder is ex-
plained, as is illustrated in Fig. 1 and Fig. 2. It can be seen from Fig. 1 that very different
particles are obtained, which is in accordance with the fact that the powder under consider-
ation was not sieved. Regardless of this, it consists mainly of particles like those shown in
Fig. 1.a–c and Fig. 2, which are close to the model.2,3 It can also be seen from Fig. 1 and
Fig. 2 that jamming of the particles is not possible and that a non-sieved powder obtained
at 1600 A/m2 can flow because of the structure of the particles. This is in accordance with
the fact that dendrites deposited at low overpotentials (current densities)7–10 are less
branched and more dense than ones obtained at higher overpotentials (current densities).
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Fig. 1. SEM Photomicrographs of copper powder particles obtained by constant current deposition.
c(Cu2+) = 15 g/dm3, c(H2SO4) = 140 g/dm
3, electrolyte circulation rate 0.11 dm3/min,
t = 502 ºC, non-sieved powder, j = 1600 A/m2, r = 2.5 h, apparent density 2.3 g/cm
3, flow time 38.4 s
a)  200; b)  150; c)  200; d)  200.
On the other hand, as powders with considerably lower apparent densities, obtained
by electrodeposition with reversing current flow can flow freely, a new model of the sur-
face structure of these particles which permits this flow should be developed. This can be
done as follows. It is known that dendrites,7–10 and hence powder particles, obtained at
large current densities or overpotentials are very disperse, as can be seen from Fig. 3. Natu-
rally, such a structure is characterized by low apparent density and permits jamming of the
particles, as is illustrated in Fig. 4.
This structure is presented schematically in Fig. 5 by the full line.
It is also known that in pulsating overpotential and reversing current electrodeposition
of metals,9–11 the parts of the metal surface characterized by a lower radius of curvature
dissolve faster during the anodic period than the parts with a larger radius of curvature. In
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Fig. 4. The same as in Fig. 3, but  3500.Fig. 3. SEM Photomicrographs of copper powder
particles obtained by constant current deposition.
c(Cu2+) = 15 g/dm3, c(H2SO4) = 140 g/dm
3, electro-
lyte circulation rate 0.11 dm3/min, t = 50  2 ºC, frac-
tion (149–177) m, j = 3600 A/m2, r = 15 min, ap-
parent density 0.524 g/cm3, does not flow,  1000.
Fig. 2. The same as in Fig. 1 but a)  150; b)  1500.
a) b)
that way more compact structures are obtained, as is illustrated by the dashed line in Fig. 5,
as well as in Fig. 6.
The powder obtained by reversing current, the particles of which are presented in Fig. 6a,
flows regardless of the dendritic microstructure of the particles as can be seen in Fig. 6a. As a
result of this structure, the appaent density of this powder is low. On the other hand, the surface
structure, or microstructure, of the particles, shown in Fig. 6b, does not allow the jamming of
theparticlesand,hence,powderswithconsiderably lowerapparentdensities than thecritical for
powders formed by direct current electrodeposition, can flow. The micrstructure of the particles
shown in Fig. 6b is similar to those shown in Fig. 1a-c. The critical apparent density for free
flow of powder obtained in reversing current regimes can be estimated as follows. The top
view of the surface, the cross section of which is snown in Fig. 5, is presented in Fig. 7. It is ob-
vious fromFig.7 that thesurfacecharacterized with full segmentsdenoted by dashed linescan-
not jam, while the one denoted by the full lines can jam together. Assuming uniform distribu-
tion and the square shape of the full segments, the elementary cell of such a surface is shown in
Fig. 8a. The elementary cell consists of a square full segment with edge a, placed in the middle
of a square empty segments with edge b. The distance between the edges of two full segments
is l. The smallest value of l for which jamming of two surfaces both represented by the same el-
ementary cell is not possible is obviously
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Fig. 5. Schematic presentation of the sur-
face profile of powder particles. Full line
obtained at constant current, dashed line
obtained by reversing the current.
Fig. 6. The same as in the Fig. 1 but for reversing current deposition. Amplitude current density 3600 A/m2,
cathodic time 1 s, anodic time 0.2 s, r = 15 min, apparent density 0.772 g/cm
3, flow time 100.2 s
a)  1000; b)  2000.
a) b)
l  a (1)
and hence
b  2a (2)
as can be seen from Fig. 8b.
Assuming a spherical shape for the representative particle and a << R and b << R,
where R is the radius of the representative spherical particle, then the structure of the sur-
face can be approximately presented by squares, as shown in Fig. 9. The full and empty
segment can then be assumed to be the basis of pyramids with height R and edges a and b,
respectively. Bearing in mind that the volume of each segment depends on the product of
the base area of the segment and its height,2 R it can be concluded that the ratio of the sur-
faces of segments with edge a and the surfaces of ones with edge b is equal to the ratio of
the volume of full segments to the total volume of the representative particle.
Using the procedure described in a previous paper1 one obtains
" =
a
b
2
2

(3)
and
' =

6
2
2
a
b

(4)
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Fig. 7. The top view of the surface the cross section of which is presented in Fig. 5; full line – full segments in
constant current regime, dashed line – full segments in reversing current regime, dotted line – empty segments.
Taking into account Eq. (2) the critical value for free flow can then be obtained as
' 


24
(5)
where  is the density of bulk metal (8.9 g/cm3), ' is the apparent density of the powder
and " is the density of the representative spherical particle. Hence, free flow of copper
powder can be expected at apparent densities larger than 1.16 g/cm3. This model can also
be valid for powders obtained by direct current and can be considered as being more gen-
eral than the earlier one. Regardless of this, the structure of the surface cannot be deter-
mined by the ratio a/b only, the absolute values of a and b are also required for this pur-
pose. They can be calculated in the following way.
It was shown recently12 that
S
V
K (6)
where S is the surface of a powder placed in a volume V and K can be considered as being
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Fig. 9. The elementary cell of a powder particle the
surface of which is shown in Fig. 8a. R is the
radius of the particle and h is the height
of a lateral side of a segment
Fig. 8. a) The schematic presentation of an elemen-
tary cell of the surface from Fig. 7. a is the length
of the empty segments. b) The mutual position
of two elementary cells, l is the distance between
the edges of the full segments.
approxmately constant for electrolytic copper powders. Assuming that the ratio S/V calcu-
lated for one elementary cell is equal to the same ratio for the whole particle and taking the
pyramidal shape of the elementary cell as illustrated by Fig. 9, one can write
S =
4
2
aR
+ a2 	 2aR (8)
and
V =
b R2
3
(9)
if the surface of the base can be neglected and if
h R (10)
It follows from Eq. (6), Eq. (8) and Eq. (9) that
a =
K
b
6
2 (11)
Substitution of a from Eq. (11) in Eq. (4) and further rearranging gives
' =


216
2 2K b (12)
and
b =
216 11 2
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Substitution of b from Eq. (13) in Eq. (11) gives
a =
36 1


K
' (14)
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Fig. 10. The top view of the surfaces of powder particles. Apparent density a) 2.3 g/cm3; b) 0.524 g/cm3.
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Using Eq. (13) – Eq. (15) and the apparent density of the powder, the structure of the
particles can be calculated.
The surface structure of two powders with different apparent densities can be com-
pared as follows.
Powder 1 obtained at 1600 A/m2 is characterized by an apparent density 1' = 2.3
g/cm3. If b = 1 arbitrary units, a can be calculated using Eq. (15) and the density of bulk
copper=8.9 g/cm3, as a = 0.70. The fraction of (144 – 177) mof powder 2, obtained at
3600 A/m2 is characterized by an apparent density 2' = 0.524 g/cm3. If follows from Eq.
(13) and Eq. (14) that
b
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and using the values of the corresponding apparent densities, it can be calculated that b2 =
0.48 and a2 = 0.16.
The strucures of both surfaces can be represented as shown in Fig. 10. It follows from
the above calculations and condition 2 that powder 1 can and powder 2 cannot flow.
Assuming a homogeneous distribution of full and empty segments inside the powder
particles, it can be concluded that the structure of the surface of a powder particle will be
determined by the apparent density regardless of the shape of the particles. It is to be noted
that this model, in some manner, takes into account the macrostructure as well as the
microstructure of the particles and permits an estimation of flowability if the apparent
density of a copper powder is known.
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Razmatrana je struktura povr{ine ~estica bakarnog praha i korelisana s najmawom
nasipnom masom pri kojoj bakarni prah jo{ uvek mo`e da te~e. Pokazano je da se takva
strukturamo`elakodobitielektrohemijskimtalo`ewemprahaure`imureversne struje.
(Primqeno 21. jula 2003)
REFERENCES
1. K. I. Popov, S. B. Krsti}, M. G. Pavlovi}, J. Serb. Chem. Soc. 68 (2003) 511
2. K. I. Popov, S. B. Krsti}, M. Obradovi}, M. G. Pavlovi}, Lj. J. Pavlovi}, E. R. Ivanovi}, J. Serb. Chem.
Soc. 68 (2003) 771
3. K. I. Popov, M. G. Pavlovi}, Lj. J. Pavlovi}, E. R. Ivanovi}, S. B. Krsti}, M. Obradovi}, J. Serb. Chem.
Soc. 68 (2003) 779
4. E. Peisseker, J. of Powder Metallurgy and Powder Technology 20 (1984) 27
5. M. G. Pavlovi}, Lj. J. Pavlovi}, E. R. Ivanovi}, V. Radmilovi}, K. I. Popov, J. Serb. Chem. Soc.66 (2001) 923
6. K. I. Popov, Lj. J. Pavlovi}, E. R. Ivanovi}, V. Radmilovi}, M. G. Pavlovi}, J. Serb. Chem. Soc. 67 (2002) 61
7. K. I. Popov, M. D. Maksimovi}, J. D. Trnjan~ev, M. G. Pavlovi}, J. Appl. Electrochem. 11 (1981) 239
8. K. I. Popov, M. D. Maksimovi}, M. G. Pavlovi}, D. T. Luki}, J. Appl. Electrochem. 10 (1980) 299
9. K. I. Popov, M. S. Krstaji}, M. I. ^ekerevac, The Mechanism of Formation of Coarse and Disperse
Electrodeposits, in Modern Aspects of Electrochemistry, No 30, R. E. White, B. E. Conway and J. O’M.
Bockris, Eds., Plenum Press, New York, 1996, p. 294
10. K. I. Popov, S. S. Djoki}, B. N. Grgur, Fundamental Aspects of Electrometallurgy, Kluwer Academic /
Plenum Publisher, New York, 2002, p. 78
11. K. I. Popov, E. R. Stoiljkovi}, V. Radmilovi}, M. G. Pavlovi}, Powder Technology 93 (1997) 55
12. K. I. Popov, P. M. @ivkovi}, S. B. Krsti}, J. Serb. Chem. Soc., 68 (2003) 903.
FLOWABILITY OF COPPER POWDER.III 51
